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Tne Preferred Size of Balls for Ball Mills,

by V. 4. Olovskiy - candidate of technical sciences. . c

Gorayy Zhurnal. 122: 1: 30-33, 1948,
»

In the article of X. A. Razumov, "The rationed feeding of mills with dalls
#*(1," there was given an analysis of those important reserves which modera
tecanigue maxes available for the exploitation of ball mills.

In connection with this, it is expedient to call the attentisn of the
millers to soxe supplements and correctives to the original vositions - and,
subsequently, to the conclusions of the article ~ that will contridbute to
tne Tfurther development of a tneory for the rationing of the bvall loading
of mills, and will facilitate the application ot the theoretical conclusions
in practice.

-

8 & result of his critical cvaluation of foraulas that were provosed
by anmerican reséarciners for the selection of ball diameter, Razumov came to
the conclusion that not one of them meets the requirements of practice.

In order to approximute ae ¢losely ags possidle the dractical conditions
0f the work of mills in concentration plants, Razunov proposed a ncw formuls
winicn deternines tne relation bpetween the ootimun diameter of thc bvalls D,
oa the one nand, ond the diameter 4 of the largest pleces of ore in the
feeding or the mill, on the other. In general, this formula ie reoresented
oy the eguation D = kd?; and in & particular case, with a calculation of the
valls used in practical grinding Dmax = 100 mm, Dmin = 12.5 mn - by the
equat ion

AD 682558

T =28 ;'&'.

Thus, by hazumov's formula the diameters of the balls must be proportional
to the cube root of ithe coarseness of the ore. However, the conclusions of
the author wust not bYe congidered comdletely inflexidle. actually: on what 1s
taged the belief that a ball diameter of D = 100 mm is the preferred size
for ore of u coarsensess of 45.5 mm? It is also just as unconvincing to con=-
sider D = 12,5 mn ag the preferred size for such comparatively small original
ore &s 0.087 am (170 mesh). There is 2 vazis to agaume that for such fine °
ore it is nore exveaient vo use thc swallest balls (with a diameter of 6 mm
or even & mm).

it is aiso eviaent that if in the equation D = kd? one should substitute
Gifferent values for the maximum sizes of the bdalle, then in the final formula
+he coerficlent pefore the radical will not be equal to 28 and the radical
, isself will receive a differant oower. For example, with Daax = 125 mam and
g Dzin = 10 am we have -D.= 26 ;dZ_
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It is apparent in thig way one can receive as many formulas as are
desired; all of them will be empirical, unsupported by any kina of coaclusive
data, because the given limits of Dmax and Dpin &re arbitrary.

It is necegeary to make one more important observation concernlng the
formulas of Stark, Coghill, Bond and Razumov. They all calculate the coarseness
of the original ifceding and do not take into consideration a second extremely
essentiul factor which determines thc vreferred size of the balls - the fineness
of the finished product. In connection with this there arises the questions
are the bulls which are rucommended by the formulas still preferred even in
the case where the original ore in question is to be reduced to some different
courseness.

The answer can only be negative: 1t 43 wecll tnown that the coarser the

"material to be ground the larger the %alls it is necessary to utilize (and

vice-versa).

The rational correlation which determines the prefesrred dlameter of the
balls must oe not only substantiated by the proper experimaanial data, tut
also the initial coarsencss of the feeding d and the fineneas of the prepared
product d) must be taken Into consideration,

Such a formula was found by us on tko basis of works which were completed
by cand. of technical sclence, B. N. Dudbrovin, and published in hig thresgis,
"?ae role of the crushing medium in the work of ball mills." (1947).

Ia these works the exveriments of fiae pulverizing were conducted on
quartz (Lhe cnaracteristic of which was in all cases roctiiincar) in laboratory
mills,.h90 x 230 and 300 x 200 mm, The running speed of the mille amoualed
40 8L % of eritizal; the cocfficlent of admiesion by the tulls was selected
as equalling ¢ =z &5 %: and the admission of ore comprised 12 % of the volume
of tne mills, In this manner the pulverization system approached the optimunm,

(Fig 1)

wrought steel tclls of four asizes werc tested: with dlameters of &2, 48,
25 and 10 oz, .

The wills worxed in'open cycle' with periodic material loading. 3atches
of the quartz were pulverized for different time periods: 30, 60, 90,120 amin.
and so an. After each experiment the product of the grinding was analyzed on
screens of the Taylor standard scale; the finished product was conditionally
considered to he that which left a 10 % residue on the assigned screen dyg.

In fizure 1 is presented a graphic description of the results of one
series of the experiments. In tnis series tne original coarscness of the mill's
feeding (d) and the sizes of the balls (D) were .changed. The end fineness of
of the material remained constant in all cases: d = 74 microans, that is, the
pulverization was reduced as far as a 10 » residue on a 200 mesh screen.

Along the upper broken line (fig 1) it is possidle to establish that for the
reduct ion of an original material of a 25-0 mm size to an end fineness of
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90 % xifux 200 mesh by talls of D = 62 mm, the vulverizing time amounted to
T= 120 min (point 4, fig 1); for balls of D = 48 min - 100-103 min (voint A').
After passing through a certain minimun (point B), the vulverization time
again rises! thus, for the balls with a diameter of D = 25 mm we have T = 120
min. Upon transfer to the smallest balle the pulverization time ie sharply
incrcased. The other broken lines on tigﬁre 1, which correspond to the coarssness
of the original feeding, 10-0 mm, 5-0 mm, etc, are analogous.

4 similar type of diagram was aleso made according to the data of the
cxperiments of all the other eseries, in which the finished end product was

" material of 90 % less than 150 meeh, then 100 mesh, &5 mesh and 48 mesh,

Lnalogous results of the formations were received in sll cases. All curves

on the dlagrams have almost an identical anvearance, If one moves a2long the
curves from right to left, that is, from the largest balls in the direction

of the smaller, then in all cases it is possible to estadblish that the initial
(rizht) sides of the curves are very near to parallel straight linee; all the
curves aoproach their minimum, after which, with a further diminution of the
diameter of the balls, the left, rising sides of all the curves "strive for
infinity" that ie, for each ball diameter there exicts a certain lower limit

ut which the necessary reduction time T becomes extremely great and incom-
mensurable with the duration of a normal experiment. The corresvonding diameter
of the bvall - the gmallest theoretically possible - can be referred to as critical.
For example, on fig 1, for the dotted curve reclating to the original feeding

of 10-0 mm, the size of the vall D = 9 am evidently will be critical; having -
loaded & mill, which has talls of the critical diameter of 9 mm, from batches
of cuartz with an original coarsenees of 10-0 mm, it will be impossidle to
receive a finighed product of 90 % less than 200 mesch, even with an extremely

great continuance of pulverization,

“he existence of critical diameters revresents one of the characteristic
neculiarities of all oulverization curves. More important is the existence of
a certain minimum on each curve. Thus, for example, for the upper curve (see
fig 1) the theoretical minimum for the pulverization time is determined by
means of an internolation in To=<38 min (point B) that is in correspondence
with the ball dlaceter Do =~ &4l mm; for the second curve (10-0 mm) the minimal
time amounts to approximately To=- 69 min, and the corresponding tall diameter
equals Do = 27 nzn (point C) etc. The diameters of the balls, with which the
least rulverization time T, 1is achieved, are the preferred, or optimum, sizes
and ure designated fot the future through Do. Evidently they correspond to
the maximum outout of the laboratory mill, because its oroductivity in a
periodic cycle is inversely pronortional to the reduction .ime.

Joining all the minisum ooints of the dotted curves on fig 1 gives a
curve of sinimun time FCB,..This curve 1s at the same time the curve for the
ootimua bvall diameters, because it grapanically presents the function To = £ (Do).
..10a; this curve it is possible to find the preferred size of a bdall in the
isvergjaceat, uninvestigated cases,

Maxing analogous conetructioans sccording to all the series of the experi-

. cents, we receive for the mill undergoing test as many minimal time curves

To = £(Do) as there are finished products.
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On fig 2, which relates to the 490 x 230 mm mill, there are five curves
of minimul time drawn with solid lines, which correspond to the five finished
products: 200, 150, 65 and 48 mesh; of these, the upper curve is transferred
directly from fig 1, where it was depicted by the solid line FCB; the others
were made in the scame manner,

vith a consideration of fig 1l and of what is analogous to it in fig 2,
there are voints (Jjoined by dotted curves) corresponding to the same coarseness
of the original feeding d. As a result there are on figure 2 two systems of
intersecting curves with the help of which, as on a common nomogram, it is
vossible to determine the two values sought for Tg and Do by the two given:
the coarseness of the finished product dy (which has a 10 % residue on a given
screen dy) and the size of the féeding.d. For example, there are given: the
initial coarseness of 10-0 mm (3 = 10mm) and the fineness of the finished
oroduct: 90 % less than 150 mesh (dy™ 104 microns). In order to determine
the minimal pulverization time To and the preferred ball diameter Dy let us
take point A of fig 2 at the intersection of the dotted curve, which corresponds
to the coarseness 10-0 mm, with the solid curve corresvonding to the finished
product for a 150 mesh. The known point A4 on the nomogrum has the coordinates:
To ®» 54 min and Do = 30 mm. By these data are determined the gize of the nre-
ferred balls under the glven. conditiors, that 1s, a collection of single sized
balls which will guarantee the greatest productivity of the labvoratory ball
@2ill veing tested in pulverizing quartz of a given initial coarseness (with
a rectilinear characteristic) to a given fineness.

(Fig 2)

Exactly the same construction (rig 3) can be made on the tasis of the
tests relating to the 300 x 200 mm mill. Principally fig. 3 differs in no way
from the vreceding one, as can easily be seen through comparieon.

The nomograms of figures 2 and 3 can bs used to establish the mathematical
relationship between the diameter of the preferred tall Dy, on the one hand,
end the initial coarseness of the ore d and the fineness of the finished
product dk, on the other, For this let us construct a semilogarithmic gradh
(fig &) where the fineness of the finished product dy (in microns or by the
nesh) is plotted, with the help of the logarithmic scale, on the axes of the
abscissae; and on the axes of the ordinates are drawn the diameters of tae
preferred balls Do, which are takea from one or another of the nomograams,

Both nomograms (figs 2 and 3) with this give, within the limits of
accuracy of the constructions, the same vointe in tne diagram Do = f(dk). and
therefore the semilogarithmic graph (fig 4) pertaine to both the mills being
tested. This, by the way, ovroves that the preferred ball diameter - at least

ia initisl aporoximation - is independent of the diameter of the mill.

In the semilagarithmic graph in question, all of the curves Dy = f£(dy)
are reduced t0 straight lines, whereunon the latter form a series of rays
which descend to the single 20int 4 on the adscissas'! axis. All of the rays
have & finite length which is established on one side by & common terminal,
on the other by the points of insersection of one of the rays with a certain
1imiting curve. The latter is drawn on fig 4 as a dotied line and represents

.




tzat contour line at which each ray is intersected by the vertical dg~. 4.
Trus, for example, for the ray 2-0 mm (ray AB on fig 4) the limit is established
by voint B, because the abscissa of point 3 is equal to dyx = 2000 microns = 2 mm,

“ S

that is, it coincides numerically with the upver limit of the feeding d = 2 mm
tc wnich the ray in question (4B) relates.

o

'he presence of a contour curve on the grach shows that for any given
coarseness of the feeding there is, theoretically sveaking, an unper limit
for the preferred diameter Dy, Thus, for the case in question (& = 2 mm) the
paximum diamcter of the balls should not exceed Dpaxy = 22 mm, moreover, this
acstract nall size can te "aelected" only when the original product of 2-0 mm
is also the finished oroduct (dx = & = 2 ma). If one has in mind to actuslly
pulverize it to0 a smaller cize, the diameter of the balls must oe less than
the limit; for examnle, in the reduction of a 2-0 mm oroduct to a 48 mesh
there is demanded Do = 17 amm; to 200 mesh - Do = 13 mm, etc.

(Fig 3)

As seen in fig & the point ‘of Jjuncture of all the straight-line rays, or
soint A, has the a%scissa 4, = 1 micron., The log of this size (that is, of the
un.t) is equgl to 0; in view of this it is posaidle to consider that with all
other conditions being equal, the preferred diameter D, of ths balls is
¢irectly proportional to the log of the size of the finished producs.

(rig &)

If, on the other hand, while considering some size of the finished prod-
uct dx as constant, one should transnose the characteristic ooints oi nomo-
crams 2 and 3 onto & new graph (fig 5) on which the axis of the abscissee
~ives the voriable size of the feeding (d) and the ordinete axis gives the
oreferred ball ciameter (Do): then it uppears that each curve Dy = f(d)
wnich corresponds ¢0 any single size of the finished product ¢y = const
{for example, whe curve FC3, fiz 1) is depicted here by a repular parabola
0 vhe y© = 2rx type. Analogous parabolic curves are received vnon tranefer
oI all tae other voints from toth nomograns onto the grapn in question (see
iz 9). rrom here it is easy to conclude that the preferred dianeter of the
tuils must ie proportional to the square root of the original feeding, that
s Dy = K Ya . (1)
The coefficient X can be determined from the semilogarithmic gravh, on the
raris of which K = Ko log dk.

‘thus, it is finally possivle to nresent the overall forzula for the diameter
of the sreferred tall as follows: -

Do = Xo (log dyx) - Ya. (2)
where Ug = the diameter of the oareferred balls;
d = the unzer limit of the feeding size;
dix = the conditional size of the rinished product.

The arecweciny Tormula (1), which was discovered for the optimum ball
size, coincides with rormulas thica have been pudlisihed in the literatur=::
~aericun recearchners received o formula of the same type, Dw K 7d. However,
these researchers a0 not functionally connect the immortzace 2f the coefficient
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ol proportionality K with the size of thne finished droduct. In this regard
the subseguent foraula (2).ghich was developed, has a orincipal advantags.

Transferring to the numerical values for the coefficients, let us indi-
cute that on tnhe hasls of the described laboratory exveriments the coefficient
£y 4n the foramula (2) proved to be numerically equal to ¥o = 4.8; conscquently
the formula (2) uvolicabdble to the lahoratory mill gives the oreferred bvall

iameter for pulverizing quartz (with a rectilinear characteriatic);

Do = X ¥4 a 4.8 (log d) * V4. (3)

"
If ofe should substilute in the formula some otner values for the aize
ol the Cinished product dy: then the common coefficient of pronortionality
£ will prove to be within the limits of X = 9 (for the product of a 200 zech)
and X = 12 (for tha product of a 48 mesh),

Tor comparison let us voiat out that Coghill and de Vanney found, in the
oulverization of ores under lahoratory conditions to a fineness of 200 mesh
with tae formula D = X Yd, that for hornstone the coefficient X = 35, and
for dolomite - ¥ = 30, Stark, using the same formula, found that for clinker
X = 13 (in a pulverization to a § % residue on a 170 mesh screen).

In the transfer from laboratory exneriments to industrial eonditions it
is necessary to keepd in mind the"rule of equality in pulverizing" and the
necessity of "durability" in the work regime of the balls in a mill,

The laboratory expveriments which are being described confirm the oninion
of Coghill and de Vanney, that the nreferred hull dlameter is not deoendent
uoon the size of the mills, but upon the fixed correlation between the ball
uiameter and the size of the pellets. To be convinced of this one should
comnare the nomograms (figs 2 aand 3) which were made for two difrerent mills,
the diametrical ratio of which amounted to #490:300. Regardless of the sig-
niricant difference of the mills' diameters the oreferred sizes of the halls
proved in Troth cases to oractically corresvond. It is Dossidle that the
trunafer to mills of industrial sizes will necescitate the injection of some
readjustmeat into the position stated arove, however, for an initial anprox-
imation with an -accurscy corresponding to the required gecuracy of tne cal-
culations, it is possible to extend the results of the laboratory exneriments
to 2ills of industrial sizes. Thus, in principla, the formulas (1) and (2)
retain their effectiveness for industrial mills, it bhelng only neces=ury to
intervolute a read justment on the "durability of the reduction system",

~3 seen from fig 1 it 1s exoedient to increase the ball diameter (which
we will cesignate iy Dm) somewhat over the ootimum size Dy (which corresnonds
to the Maimum time Ty) in order to avoid the danger of moving the system
onto tne rising left side of the curve, e will, by thie, move to the rishi-
from the zone of "critical dlameters."” In view of the lack of annrosriate
exzeriments the selection of the increase over the ontimnm 1,, tor the
tentative cdlameter Dm, has oroven to be difficult at oregeant., It ie necesscry
to assusie that the small increase in diameter, for exaanle, 15-25 & over Dy,
is exnedient because 1% insures against falling into the dangzerous zone of
the curve; and with this it will cause only a coamprratively sxzall decrease




in :Ae millts orOuuctivify. A9 a first attemnt let us settle on an allowance
coerficient of 15-25 o} that is in the fcrmula D = Ko (log di) ¥4 let us use,
inctuad of K5 = 4.8, the coefficieat Xy = 1.15-1.25 * Kp. Then K =
= (l.15-1. 25) <L, 8 = 5.5 to 6, and for oractical calculations wo have

Dn €6 (log dx) * Y4, (%)
where the coefricient 6 is limiting (its lowering to 5.5 is desirable).

The last tormula can Ye recommended for deternining the diameter of the
Lalls (ia the feeding of a mill which has single sized btalls, that is, with
a %all louding consisting of balls of some single diameter, hut not of a
mixture of them).

.. grana, which fllustrates formula 4, of the tentztive ball diameters
(Dg) is devicted in fig 5: it is in relation to the size of the orizinal ore
(@) und to the fineness of the finished nroduct (dy); it 3s for ores of
mediusm hardness {such as ouartz of hornstone), and can be used in practicel
calculutions. For examdle, let the size of the initial ore d = 45.5 =m and
the zlneness of the finished oroduce - 90 % less than 200 mesh (dy = 74
microas). .ncn hyastark's foraula / D = 13 Vd |/ we have D = S8 mm, by Razumov's
1orum1a /] b= 91 / we have D = 100 mm, by the formula for horn-stone of

11‘ and Ge Vann:y / D=357Yd /| we have D = 80 mm and by our loraula
/ D” <6 (log day) Y4 / we have D = 76 mm ( in thne latter case instead of
comnut ing it is also Dossible to use the gravh, fig 5).

Tne cifference of the fipures given by thege formulas is not great, tut
vae figures which was found by the foraula (4) is better substantiated because
it i3 basea on precise experimental data,

Sy tue neture of the tormula (&) it is necessary to note that it is
upplicadble for she oulverization of a hard ore (such as quartz) with a recti-
liaear cnaructeriatic: it was hrought out for the cuges of feeding ball mille

with gingle-sized balls and not & mixture: and it refers only to the mills

with periodic loading or with a short duration of stay for the balls in the
%ill, ag it dces not take ball wear into consideration. If this last circum-
gtunce is taxen into considGeraiion then it will prove thal in an industrial
n11l (wnere each ball gradually decreases from its initial size) the talls
wnich wercselected by Tormula (&) will soon "depart from 4the optimua". It is
necisesary,thererfore, .to select their sizes with a considerution oi the wear
in incdustrial oills.

Should the size log dy not be calculated at any time in the formula (4)
it cun be writven in the shorlened form:
DRSS Km ,Qo (5)
vaerse wvns coefficient iy 1s considered as some size of the finisned oroauci:
.= 60 lug dax)e On all curves in fig 5 are presented the avprooriate individual

da -

Jormulas.

Froo these duta it is seen that to desrerard Lhe 2ependence of the
Clameter J- on the finencss of the zrist is ianroper, because the size Ak
is essentially reflected in the size of the ball.

s e
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¥or the prevailing case in our concentration nlants of nulverizing an
initiul ore with a limiting coarseness of d = 40 mm to 90 % less than 150
mesh (dy = 104 microns) the largest ball size is determined bty formula (5)

as equalling: - "
Dm 3 Kp Y € 12.1 » Y40 < 76 o,

To use larger bdalls in the given conditions, for examole, D = 100 mn or

D = 125 mm, is not expedient because this lowers the oroduction of the mill

by 20-30 %.
Conclugions

L. The rsrmuias vuolishcd in thc liierature for the selection of ball
diametor do not take into considerztion such an important factor as the fineness

of the pulverlization®s finished oroduct.’

2. On the basis of our latest works, the following formula can be

reconmended for slze selection: -
Dng 6 (log dy) Y4,

where Lp = the diameter of the single-sized balls, in ma.
d = the diameter of the largest chunks of ore in the feeding of the

mill, in om,
die = the fineness of the finished product, in microns.

. with this the finished product is considered that which will leave a
10 % residue on a screen with meshes dy. (in microna).

3. In order to accelerate the calculation it is possible to use the
saortened (individual).foraula:

Dy $Ep Yo,

where the coefficient Xy = 6(log dk) is taken from fig S5 according to the
fincnees of the finished produect dj.

4, The cited formulas are asnlicable to the case of feeding a mill
with only single-sized balle and not a mixture, and moreover - only to short
seriods of pulverization, that is, without consideration for ball wear.

In the event of work in ball mixtures ("rationed" loading) it ie exvedient
to select balls which are also recommended by the cited formula (but in
accordance with results of rationing experiments).

The correction for wear must be introduced on the dasis of some theory
of ball wear in cont inuously running mille, however, the tasic formula
retaine its applicability even in this event,
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g 1. Results of pulverizing guartz to a 10 4% residue on a 74 micron
screen (200 mesh) in a laboratory ball mill 490 x 230 ma ( according to the
experiments of B, N. Dubrovin).

The s0lid line represeants the minimal time required to produce

the finishsd onroduct.
Tne dotted lines represent the coarseness of the original feedings.
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5. The relation of the limiting diametera of the recommended talls to
the courseness of the feeding and the fineness of the finished product.
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